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SUMMARY 

An investigation of several side-by-side clustered jet-exit con- 
figurations has been conducted in the Langley 9- by 12-inch blowdown 
tunnel at Mach numbers from 1.62 to 3.05. The semispan models were 
mounted from the tunnel wall, and the three jet exhausts were simulated 
with cold air. The angle of attack was maintained at 0' and the Reynolds 

6 6 number range was from 7 x 10 to 11x 10 based on model wing root chord. 

The results indicated that high negative base pressure coefficients 
were incurred whenever a blunt-base area was present, whether on the 
individual nacelle or between the engine nacelles. It was estimated 
that better performance might be obtained when the boattail angle was 
reduced and nozzle-area ratio was increased as long as the Mach number 
was within an increment of about 0.6 of the design Mach number, whereas 

z 
greater amounts of overexpansion would probably result in performance 
losses. 

INTRODUCTION 

Research on the interference effects of jet-exhaust systems has 
been confined mainly to single-engine installations in which the jet- 
interference effects are associated only with the individual afterbody 
or control surfaces of the airplane. Information on the internal-flow 
phenomena of jet nozzles, the external-flow interferences of jet exits, 
and the combined internal-external flow on performance of single-engine 
installations is fairly well documented. (For example, see refs. 1 
to 9. )  

Large supersonic airplanes, however, may have a number of engines 
grouped together in a side-by-side arrangement. For such configurations, 
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interference of the multiple jets on the afterbodies, bases, and fairings 
between engines would be expected to have important effects on the air- 
plane performance. Some preliminary results obtained with a side-by-side 
clustered exit arrangement at supersonic speeds are shown in reference 10. 

The purpose of this paper is to present data obtained in the Langley 
9- by 12-inch blowdown tunnel for several clustered exit arrangements 
which might be applicable to supersonic-bomber and transport designs. 
The semispan model simulated a propulsion system mounted below the wing 
with the jet exits at the wing trailing edge. The geometric jet-exit 
variables included nozzle-area ratio, boattail angle, base area, and ' 

fairing between nacelles. The jet flow was simulated with cold air at 
jet total-pressure ratios from 1 ( jet-off) to about 40 over a Mach number 
range from 1.62 to 3 .O5. The Reynolds number range was from about 
7 x lo6 to 11 x lo6 based on wing root chord. 
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APPARATUS AND METHODS 

Models 

The general jet-exit test arrangement is shown installed in the 
tunnel in figure 1. The basic model on which these jet-exit configura- 
tions were tested consisted of a semispan wing-fuselage configuration 
of a 6-engine supersonic bomber or transport airplane. (see figs. l(c), 
2, and 3.) The wing of the model was of a smaller scale than the engines 
to permit investigation of larger scale exits than would be possible with 
a true semispan model; however, the coefficients presented herein are 
based on the wing area of a true semispan model (0.35 sq ft) scaled 
according to exit size to give the drag coefficients realistic values. 
All the three jet-exit configurations studied were installed in a block 
detachable from the model; the block formed the afterbody of the model 
fuselage. Details of these configurations are shown in figure 4, and 
photographs are shown in figure 5. The fairing between engine after- 
bodies had the same shape for all configurations with the exception of 
configurations 8 and 9, which were solid-base models. (see figs. 2 to 5.) 

rn +. .fir -=A . . ~ . m - a I  
Tests and Measurements 

The tests were conducted in the Langley 9- by 12-inch blowdown 
tunnel at stagnation pressures from 35 to 50 lb/sq in. abs for Mach num- 
bers of 1.62, 1.96, 2.55, and 3.05; the various Mach numbers were 
obtained by using interchangeable nozzle blocks. The test Reynolds 

number, based on model root chord of 10 inches, ranged from 7.1 x 10 6 
6 to 10.8 x 10 , depending upon the Mach number and stagnation pressure 



of a par t icular  t e s t .  The t e s t s  were conducted at  angles of a t tack  and 
yaw of OO. 

A i r  flow fo r  the j e t  e x i t s  w a s  furnished from a supply of 
300 lb/sq i n .  abs and was  piped t o  the model through the center of the 
strain-gage balance, as shown i n  f igure 1. The a i r  flow was turned 90' 
upon entering the model and exhausted axial ly  through the three j e t  
e x i t s  ( f i g .  l ( c )  ) . J e t  total-pressure r a t i o  pt ./p,) 'was controlled ( ,J 
by a mechanical pressure-regulator valve, and t o t a i  jet-weight flow w a s  
determined by a calibrated Venturi meter. 

J e t  t o t a l  pressure was  obtained from measurement of a total-pressure 
tube ins ta l led  on the center l i n e  of each duct upstream of the throat .  
The Venturi meter was instrumented with a total-pressure tube and four 
manifold surface-pressure tubes, i n  accordance with American Society of 
Mechanical Engineers recommendations; a thermocouple was a lso  ins ta l led  
i n  the downstream end of the meter t o  determine j e t  t o t a l  temperature. 

Surface-pressure o r i f i ces  located a s  shown i n  figure 4 were used 
t o  determine the local-pressure coefficients over the f a i r ing  section 
between engine afterbodies. For model configurations with f i n i t e  bases 
(configurations 2, 8, and g) ,  *om 6 t o  12 surface-pressure or i f ices  
were spaced i n  the base area t o  obtain base pressure coefficients.  

Model forces and moments were determined by a three-component s t ra in-  
gage balance with a hollow center which was attached t o  the tunnel top, 
a s  shown i n  f igure l ( c ) .  A s  mentioned previously, j e t  a i r  was piped 
through the center of the balance t o  the model. The supply piping 
arrangement shown i n  figure 1 w a s  selected t o  minimize force-interference 
ef fec ts  between the model and the supply-pipe supports. Calibration of 
the balance with and without the supply pipe ins ta l led  showed no ef fec ts  
of the pipe on the forces and moments within the accuracy of the measure-, 
ments. The normal-force and pitching-moment outputs of the three- 
component balance were used t o  correct the axial-force output f o r  in te r -  
actions, and only axial-force data a r e  presented i n  t h i s  paper. 

Ins ta l la t ion  of the model through the tunnel w a l l  required a clear- 
ance gap of 1/16 inch between the model and wall t o  avoid balance fouling. 
Because of the large d i f f e ren t i a l  i n  pressure exis t ing between the atmos- 
phere and the tunnel stream during operation a t  the higher Mach numbers, 
leakage flow through the gap and in to  the tunnel could cause s ignif icant  
interference ef fec ts  on the measured forces and moments. In  order t o  
avoid these interference effects ,  a cyl indrical  shroud, the top of which 
w a s  formed i n t o  a labyrinth seal,  w a s  ins ta l led  around the balance. 
(see f i g .  l ( c )  .) 



All pressure, temperature, and force data were recorded simultan- 
eously and continuously during the period of each individual test point. 
Pressures were recorded on film using diaphragm-type pressure cells. 
The forces, moments, and jet total temperature were determined from the 
outputs of self-balancing potentiometers which were recorded on pen-type 
strip charts. The accuracy of measurement is estimated to be as follows: 

. . . . . . . . . . . . . . . . .  ~(1.62, 1.96, 2.55, and 3.05) k0.02 

%e(7 .1 x lo6 to 10.8 x lo6), percent (caused by 
. . . . . . . . . . . . . . . . . .  changes in Tt) . 20.01 

~ ~ ( 5 1 0 ~  to 540° R), OR . . . . . . . . . . . . . . . . . . . .  +2 
. . . . . . . . . . . . . . . . . . . .  Pt ./pm (1 to about 40) f0.4 , J . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  CD f0.001 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  CF a.001 

% . . . . . . . . . . . . . . . . . . . . . . . .  . . . f0.01 

RESULTS AND DISCUSSION 

Jet Simulation 

Jet-exit flow for the present configurations was obtained using I nb - 

room-temperature air. The hot-jet parameters which affect the jet flow, 
therefore, obviously could not be simulated exactly. It is pointed out 
in reference 11, however, tbt the wave interference of hot and cold 
jets can be satisfactorily simulated if the initial slope of the jet 
boundary is duplicated. For example, the jet 'total-Pressure ratio of 
configuration 9 operating at a Mach number of 3.05 would be 28.6 for 
the real hot- jet case ( y = 1.27) . In order to duplicate the initial 
slope of this jet boundary, a jet total-pressure ratio of about 37 would 
be required with cold air ( y = 1.40) according to reference 11. There- 
fore, from this consideration and from a review of previous jet-simulation 
work (refs. 2, 5, 7, and 12), analysis figures presented in this paper, 
where data are plotted at scheduled pressure ratios for each Mach number, 
will be presented at the cold-airs pressure ratio which produces almost 
the same jet boundary as the hot jet. (see f2g. 6.) . .L 

Basic Data 

The variation of measured thrust-minus-drag coefficient with jet 
total-pressure ratio for the configurations is shown in figure 7 at Mach 
numbers of 1.62, 1.96, 2.55, and 3.05. The value of CF - CD plotted 



at a jet total-pressure ratio of 1.0 represents the jet-off drag of the 
configuration. Force data are not available for configuration 7 at 
M = 1.62 or configuration 9 at M = 3.05. 

Figure 8 shows the variation of pressure coefficients over the 
fairing between the nacelles of configuration 1 and configuration 4 with 
distance from the wing trailing edge. The differences in level and 
shape between the upper and lower surface pressure distributions are the 
result of the model geometry, and only the most rearward pressures were 
affected by the jets. Data have been shown for configurations 1 and 4 
only, inasmuch as most of the models have contours between these two 
extremes. The exceptions are configurations 6, 8, and 9 .  As was expected, 
the pressures for boattailed nacelles such as configuration 1 have greater 
negative values than those for a cylindrical nacelle such as configura- 
tion 4. In general, increasing the jet total-pressure ratio produced 
more positive pressures at the wing trailing edge, particularly at pres- 
sure ratios greater than the nozzle design value. This effect would be 
expected, since the underexpanded jet would deflect the free stream and 
cause shock-boundary-layer interaction effects to move forward on the 
configuration. It is also noted that the effect of jet total-pressure 
ratios greater than the nozzle design value is more pronounced for con- 
figuration 4 than f'or configuration 1 (see M = 2.55 and 3.05)~ which 
is probably the result of the increased jet size. A similar effect of 
jet size has been shown in most of the reference data. 

Base Pressures 

The effect of jet total-pressure ratio on the average base-pressure 
coefficient is shown in figure 9 for configurations 2, 8, and 9 at the 
four test Mach numbers. Average values are presented inasmuch as the 
individual values were generally within fO.O1 of the average; however, 
for configurations 8 and 9, the values of base pressure coefficient for 
the most inboard tubes were generally more negative and were relatively 
unaffected by jet operation. The values for these tubes have been neg- 
lected in averaging the data. The effect of increasing the jet total- 
pressure ratio is similar for all configurations, and the trends of the 
data at M = 1.62 and 1.96 are similar to base pressure data obtained 
on single nacelles and clustered exits at transonic speeds (ref. 10). 
The value of the average base pressure coefficient becomes more positive 
as the Mach number is increased to 2.55 and 3.05, as would be expected 
since the pressure coefficient for full vacuum also increases with Mach 
number. 

A comparison of the average base pressure coefficients for con- 
figurations 2, 8, and 9 is shown in figure 10 for a scheduled variation 
of jet total-pressure ratio with Mach number (fig. 6) . This pressure- 
ratio schedule shown in figure 6 is considered to be typical for 



Configuration 9 experiences the most negative base pressure coefficients 
at Mach numbers below about 2.5. This result is believed due to the 
serious overexpansion of this nozzle at these Mach numbers and corre- 
sponding jet total-pressure ratios. For the higher Mach numbers at which 
configuration 9 begins operating at near design-pressure ratio, base 
pressures. are less negative than those of configuration 8 (the zero- 
boattail flat-base model) and approach values of configuration 2 (the 
annular-base model). At Mach numbers slightly above those investigated, 
the larger jet of configuration 9 would cause even more interference on 
the base pressures, and Cp,b of configuration 9 might become less nega- 

It is of interest to note that if a configuration such as 9 wzre 
applied to an airplane with six 5-foot-diameter engine nacelles and a 
wing area of 6,000 sq ft, it would have a base-pressure-drag coefficien 
of 0.0003. If it is assumed that such an airplane would have a drag b 
coefficient of 0.0130 at a Mach number of 3.0, the base-pressure-drag 
coefficient would increase the airplane drag coefficient by 2.3 percent. 
An increase of 2.3 percent in airplane drag does not look overly large; 
however, if this hypothetical airplane were a 125-passenger transport 
designed for cross-oceanic range, this drag increase would represent a 
loss of about six paying passengers. It should also be noted that the 
base area of configuration 9 is relatively small, and it was shown in 
reference 10 that configuration 8 (the zero-boattail, flat-base configu- 
ration) would have a base drag of about 7 percent of the total airplane 
trim drag. Configuration 8 was introduced as a reference model to per- 
mit the evaluation of the total cost of boattail and base drag on a 
supersonic airplane; and unless base bleed or some other device were 
used, the base drag of such a configuration would be very large. For 
one test at a Mach number of 3.05, a small quantity of base-bleed flow 
(1 percent of primary) was issued annularly around the three engines of 
configuration 8, and the drag coefficient decreased by a very small 
amount. No particular significance is attached to this result, but it 
is in the same direction and of about the same magnitude as the improve- 
ment in base - pressure due to base bleed shown in reference 1. 

Performance 

C '  ' '@he effect of Mach number on configuration efficiency factor q is 
shown in figure 11 for several configurations. Configuration efficiency 
factor q is defined as the measured thrust minus drag of the model 
plus the jet-off drag of the zero-boattail flat-base configuration (con- 
figuration 8), with the entire base region adjusted to free-stream static 
pressure, divided by the ideal thrust of a nozzle with the same throat 
diameter as the configuration being considered. In this manner, any 
change in drag due to boattailing, base area, internal nozzle separation, 



or jet lnterrerence is reflected as an increase or decrease in the ideal 
thrust efficiency of the model. 

Boattailing compared with base area .- Configurations 1, 2, and 8 
are compared in figure ll(a) to show the effect of eliminating base area 
by boattailing. Each configuration has the same internal nozzle, and 
the data are compared for the jet-total-pressure-ratio schedule with 
Mach number shown in figure 6. It is indicated that configuration 1 
(a 6' boattail model) is superior to configuration 8 (the zero-boattail 
flat-base model) over the entire Mach number range shown and is slightly 
better than configuration 2 (the annular-base model) at all Mach numbers. 
The lower of configurations 2 and 8 is probably the result of the 
negative pressures experienced by the base annulus. It should be noted, 
however, that the overall boattailing of the configuration (boattail, . 
base, and internacelle fairing) may be more important than the contour I 

of the individual nacelle inasmuch as configuration 2 is almost as good 
as configuration 1, and the internacelle-fairing pressure distributions 
shown in figure 8 would be more favorable for configuration 2. 

Effect of boattail abruptness.- The effect of boattail abruptness 
is shown in figure ll(b). Configurations 3 and 7 have the same internal 
nozzle contour -but are boattailed in a different manner. (see fig. 4(b) .) 
A comparison of these models indicates that the more gentle boattailing 
of configuration 3 is slightly better than the abrupt boattailing of 
configuration 7. The greater drag of configuration 7 is probably asso- 
ciated with a strong expansion over the go conical step ahead of the 
cylindrical afterbody (see fig. 4(b)); therefore, it appears to be advan- 
tageous to avoid regions of steep slope near the jet exits. In practice, 
neither of these external shapes would probably be used for cruising 
flight at M = 3.0, but they might be encountered in the Mach number 
range from about 1.6 to 2.2 when an all-variable-nozzle-afterbody com- 
bination would be increased in size during acceleration. The gentle 
boattailing of configuration 3 appears to be about 2.0 percent higher 
in q than configuration 7 in this speed range 

Nacelle boattail angle compared with nozzle-area ratio.- Several 
configurations are compared in figure ll(c) to illustrate the performance - .  . 
differences between nacelle boattail angle and nozzle-area ratio. The 
data are compared at jet total-pressure ratios corresponding to the 
schedule with Mach number shown in figure 6. The configurations pre- 
sented in figure ll( c ) would represent a scheduling of afterbody-nozzle 
geometry to produce optimum thrust at each point in the Mach number range. 
All configurations would represent maximum afterburner operation with the 
exit nozzle set for design pressure ratios from 6.6 (configuration l), 
to 10.1 (configuration 3), and to 15.0 (configuration 4) . Configuration 4 
is superior to either 1 or 3 over the entire Mach number range of the 
investigation. It is to be expected that configuration 4 would be better 
at Mach numbers of 2.2 and above inasmuch as it has a zero-pressure-drag 
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nacelle, and the nozzle is at and abov*s design pressure ratio. The 
fact that configuration 4 is superior in a range where the nozzle is - 
overexpanded is -surprising and slightly encouraging. This fact would 
indicate that, for these nozzle lengths and this degree of overexpansion, 
it might be better to operate with an increased expansion ratio within 
LN = 0.6 of design Mach number rather than to increase the drag with 
boattailing. 

It is well known, however, that the off-design losses of high- 
pressure-ratio nozzles can be large (see ref. 14). It was suggested in 
reference 10 that, if a method could be found to eliminate these losses, 
perhaps a lightweight, uncomplicated nozzle could be built that would 
have desirable thrust characteristics over the entire Mach number range. 
Inasmuch as configuration 4 is superior to configurations 1 and 3 at 
Mach numbers as low as 1.62, perhaps some device such as the slotted 
afterbody or the terminal fairings described in references 9 and 13 
could maintain a high level of thrust performance down into the tran- 
sonic speed range. Another possibility might be the addition of laxge 
quantities of base-bleed or secondaxy flow when the nozzle is below 
design pressure ratio. (See ref. 14. ) It should be noted, however, 
that the use of compromise nozzles to obtain good off-design performance 
may seriously affect the on-design range of a M = 3.0 cruise airplane. 

Effect of increasing nozzle-area ratio.- Figure ll(d) is presented 
to show the effect of increasing nozzle-area ratio while keeping the 
external lines essentially constant. In these comparisons, note that 
the nozzle throat diameter is being decreased so that less thrust is 
being produced while the external drag remains essentially constant. A 
comparison of the data for configurations 1 and 5 (the 6O boattail 
models) indicates that at the lower Mach numbers the overexpansion in 
the nozzle of configuration 5 is very serious and causes losses of at 
least 10 percent in q near a Mach number of 1.62; however, as Mach 
nmber is increased, it becomes substantially better. The level of 7 
near the design point (M = 2.55) of configuration .5 shows the desira- 
bility of increasing nozzle-expansion ratio to near ideal conditions, 
as might be done for an engine which has accelerated to design speed 
using maximum afterburning and can then maintain flight at partial 
af terburning . 

Data for configuration 4 are compared with those of 9 on the same 
bases as configurations 1 and 5. Here, however, the comparison is not 
quite as valid as for configurations 1 and 5, since configurations 4 , 
and 9 do not have the same external configuration between nacelles. 
With these differences in mind, the data indicate that the efficiency 
of configuration 9 is considerably lower than that of 4 at the lower 
Mach numbers (X.5) which is probably a result of a combination of the 
drag on the blunt base between nacelles on 9 and the overexpansion of 
the nozzles. Unfortunately, no reliable force data were obtained for 



configuration y at M = 3.05; however, the trend of the curve of 7 
plotted against Mach number does seem to indicate that it will increase 
towards the design speed (M = 2.75) for configuration 9. 

Flow Visualization 

Figure 12 presents schlieren photographs obtained for some of the 
configurations during the investigation. Figure 12(a) shows configura- 
tion 1 at each test Mach number and corresponding jet total-pressure 
ratio. Figure 12(b) shows configurations 2, 6, 8, and 9 at a Mach num- 
ber of 3.05 and a jet total-pressure ratio of about 32 .  The dark 
regions in the base of configurations 8 and 9 are an indication of 
expansion. 

CONCLUDING REMARKS 

An investigation of clustered jet-exit configurations arranged 
side-by-side along the trailing edge of a wing has been conducted in 
the Langley 9- by 12-inch blowdown tunnel at Mach numbers of 1.62, 1.96, 
2.55, and 3.05. The results indicate that the overall boattailing of 
a clustered configuration may be more important than the boattailing of 
the individual nacelle; the better configurations were faired between 
nacelles. It was indicated that high negative base pressure coefficients 
were incurred whenever a physical base was present on the model, whether 
on the individual nacelle or between the nacelles. It was estimated 
that better performance might be obtained when the boattail angle was 
reduced and nozzle-area ratio increased as long as the Mach number was 
within an increment about 0.6 of the design Mach number, whereas greater 
amounts of overexpansion would probably result in performance losses. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., February 16, 1959. 
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(a)  Jet-air-supply piping and general view of tunnel. L-58-3607.1 

Figure 1.- General t e s t  arrangement. 





(c) Model installation. 

Figure 1.- Concluded. 
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Figure 2.- Photograph of complete model with configuration 9 i n s t a l l ed .  
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Figure 3 . -  Geometric de ta i l s  of clustered ex i t  model. A l l  dimensions i n  inches. 



Configuration I 

PRESSURE ORIFICE LOCATIONS 

Gonfig. I to 7 

Wing upper and lower surfoce 
between nacelles 2 and 3 

.533d 

Note: A pressure orifice is olso 
located at x=O between 
nacelles I and 2. U 

Bose pressure 
orifices 

Configuration 2 

ORDINATES FOR FAIRING 

I l - , E 0 7 4  
BETWEEN NACELLES 

Config. I to 7 

Section A-A 

NOZZLE GEOMETRY 

Section B-B 

Config P 

1 6.86 
2 0.00 
3 3.42 
4 0.00 
5 6.86 
6 15.56 
7 . 9.00 
8 0.00 
9 

(a) Nozzle geometry and pressure-orifice locations. 

Figure 4.- Details of interchangeable exit configurations. 
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(b) Nozzle cross sections. 

Figure 4. - Continued. 
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(c) Pressure-orifice locations of configuration 8. 

Figure 4. - Continued. 
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(d) Pressure-orifice location of configuration 9.  

Figure 4. - Concluded. 
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Figure 6 .- Comparison between jet-total-pressure-ratio variation with 
Mach number for hot jet ( y = 1.27) and cold jet ( 7  = 1.40) which pro- 
duce the same initial jet-boundary slope. 
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(a) Configuration 1. 

Figure 7.- Effect of jet total-pressure ratio on measured thrust-minus- 
drag coefficient. 
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(b) Configuration 2. 

Figure 7.- Continued. 
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( c) Configuration 3. 

Figure 7 .- Continued. 



(d) Configuration 4. 

Figure 7.- Continued. 
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Figure 7.- Continued. 



(f) Configuration 6. 

Figure 7 .- Continued. 
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(g) Configuration 7. 

Figure 7. - Continued. 
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(h) Configuration 8. 

Figure 7.- Continued. 
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(i) Configuration 9.  

Figure 7 .- Concluded. 
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Figure 8 .- Variation of pressure coefficient along fa i r ing  between 
nacelles with distance from wing t r a i l i n g  edge. Flagged symbols 
a re  fo r  lower surface. 
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(a) Configuration 2. 

Figure 9.- Effect of jet total-pressure ratio on average base pressure coefficient for several W 
Mach numbers and configurations . Ticks indicate nozzle design pressure ratio (hot) . -4 
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Figure 10.- Comparison of average base pressure coefficients with Mach 
number for three configurations for scheduled variation of *jet - 
total-pressure ratio. 
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( d) Effect of increasing nozzle-area ratio. 

Figure 11.- Concluded. 
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